Background: The 2010 international guidelines for cardiopulmonary resuscitation recently recommended an increase in the minimum compression depth from 38 to 50 mm, although there are limited human data to support this. We sought to study patterns of cardiopulmonary resuscitation compression depth and their associations with patient outcomes in out-of-hospital cardiac arrest cases treated by the 2005 guideline standards.
Design: Prospective cohort. Setting: Seven U.S. and Canadian urban regions.
Patients:
We studied emergency medical services treated outof-hospital cardiac arrest patients from the Resuscitation Outcomes Consortium Epistry-Cardiac Arrest for whom electronic cardiopulmonary resuscitation compression depth data were available, from May 2006 to June 2009.
Measurements: We calculated anterior chest wall depression in millimeters and the period of active cardiopulmonary resuscitation (chest compression fraction) for each minute of cardiopulmonary resuscitation. We controlled for covariates including compression rate and calculated adjusted odds ratios for any return of spontaneous circulation, 1-day survival, and hospital discharge.
Main Results: We included 1029 adult patients from seven U.S. and Canadian cities with the following characteristics: mean age 68 yrs; male 62%; bystander witnessed 40%; bystander cardiopulmonary resuscitation 37%; initial rhythms: ventricular fibrillation/ventricular tachycardia 24%, pulseless electrical activity 16%, asystole 48%, other nonshockable 12%; outcomes: return of spontaneous circulation 26%, 1-day survival 18%, discharge 5%. For all patients, median compression rate was 106 per minute, median compression fraction 0.65, and median compression depth 37.3 mm with 52.8% of cases having depth <38 mm and 91.6% having depth <50 mm. We found an inverse association between depth and compression rate ( p < .001). Adjusted odds ratios for all depth measures (mean values, categories, and range) showed strong trends toward better outcomes with increased depth for all three survival measures.
Conclusions: We found suboptimal compression depth in half of patients by 2005 guideline standards and almost all by 2010 standards as well as an inverse association between compression depth and rate. We found a strong association between survival outcomes and increased compression depth but no clear evidence to support or refute the 2010 recommendations of >50 mm. Although compression depth is an important component of cardiopulmonary resuscitation and should be measured routinely, the most effective depth is currently unknown. (Crit Care Med 2012; 40:1192-1198) KEy WORdS: cardiac arrest; cardiopulmonary resuscitation; compression depth; emergency medical services What is the role of chest compression depth during out-of-hospital cardiac arrest resuscitation?* O ut-of-hospital cardiac arrest (OOHCA) is a very common problem with an estimated 330,000 cases occurring each year in the United States and Canada (1) . Overall, survival to hospital discharge for patients with OOHCA treated by emergency medical services (EMS) remains poor with survival rates ranging from 3.0% to 16 .3% for all rhythms combined. Variation in patient survival rates among communities can be mostly attributed to local differences in the implementation of the five links in the chain of survival, as described by the American Heart Association: 1) rapid access; 2) early cardiopulmonary resuscitation (CPR); 3) early defibrillation; 4) early advanced cardiac life support; and 5) postresuscitation care (2) (3) (4) (5) (6) .
Recently, there has been a renewed realization that the quality, quantity, and timeliness of CPR are key determinants for survival from cardiac arrest and that delivery of chest compressions is often suboptimal (7, 8) . Recent technological advances now allow the detailed measurement and review of key compression parameters (9, 10) . Using this technology, a study by Christenson (11) demonstrated a clear association between survival for patients with ventricular fibrillation and the proportion of each resuscitation minute during which compressions were delivered (chest compression fraction).
Current CPR guidelines for compression rate and depth have been, for the most part, derived with relatively little robust human data to support them (3, 12) . The 2005 guidelines recommended a depth range of 38-50 mm, whereas the new 2010 guidelines recommend a depth of at least 50 mm. For compression depth, clinical studies to date have been small with insufficient power to evaluate clinically important outcomes and have tended to focus on patients with ventricular fibrillation only (7, (13) (14) (15) . There is a need for larger studies to evaluate the association of compression depth with survival in all rhythm groups (9, 16) . The Resuscitation Outcomes Consortium (ROC) is comprised of ten U.S. and Canadian universities and their regional EMS systems and has a mandate to conduct large controlled trials of prehospital interventions for cardiac arrest and trauma. ROC has established the ROC Epistry-Cardiac Arrest, a prospective multicenter observational registry of OOHCA in EMS agencies and receiving institutions in seven U.S. and three Canadian sites (17) . ROC Epistry includes patient outcomes and electronic data on CPR process. The objective of this study was to examine patterns of CPR compression depth and their associations with patient outcomes in OOHCA cases treated by the 2005 guideline standards.
METHODS
Design and Setting. The ROC EMS network consists of 36,000 EMS professionals within 260 EMS agencies; provides coverage to an estimated 24 million persons from urban, suburban, and rural communities; and transports patients to 287 different hospitals (18) . This study represents an analysis of a convenience sample of ROC Epistry-Cardiac Arrest cases treated by EMS and for whom electronic compression depth data were available. Sites that did not have the technical capacity to measure compression depth were not included and, hence, this study included data from 58 participating EMS agencies affiliated with seven U.S. and Canadian ROC sites. At the time of the study, patients with OOHCA were being treated according to the 2005 guideline standards for compression depth (38-50 mm).
Population. We included all persons from the ROC Epistry, aged 18 yrs older, who sustained nontraumatic cardiopulmonary arrest outside of the hospital within the catchment area of a participating ROC EMS agency and were treated with defibrillation and/or delivery of chest compressions by EMS providers. For this study, we excluded patients who did not have attempts at resuscitation by EMS with an obvious cause of arrest, whose arrests were EMS witnessed, who received a shock from a bystander applied automated external defibrillator, and anyone who had >5 mins of CPR before the pads were applied. We also excluded patients for whom at least 1 min of electronic CPR compression depth data were not available. These data may have been unavailable because some EMS agencies do not use defibrillators with accelerometers capable of measuring compression depth or because of inadvertent failure to capture and transmit the data. We included patients with any initial cardiac rhythm.
The ROC Epistry was reviewed and approved by the appropriate local institutional review boards (U.S.) or research ethics boards (Canada) without the need for informed consent from subjects because the registry was considered minimal risk. Strict confidentiality was maintained at all times and no personal identifiers were retained in the database.
Data Collection. The characteristics of chest compressions were measured through an accelerometer interface between the rescuer and the patient's chest using commercially available defibrillators. Tracings were acquired and downloaded from Phillips (n = 482; Andover, MA) and ZOLL (n = 547; Chelmsford, MA) defibrillators. (10, 19) CPR process measures, including compression rate, chest compression fraction, and compression depth, were calculated by proprietary automated external defibrillator analytic software. Chest compression fraction was defined as the proportion of resuscitation time without spontaneous circulation during which chest compressions were administered. Compression depth was defined as the posterior depression of the anterior chest wall in millimeters. Most cases included the 1-min interval during which the first rhythm analysis was performed and all recorded 1-min intervals before the first analysis (including time before and after the first shock if a shock was delivered). The mean compression values for all minute intervals were averaged for each patient. For compression depth, we defined within recommended range as per the 2005 international guidelines with an average mean depth >38 mm. We described the case as "within recommended depth" if the mean depth was 38 mm for >60% of minutes recorded.
Patient and clinical data were abstracted from EMS and hospital records using standardized definitions for patient characteristics, EMS process, and outcome at hospital discharge. Data were abstracted locally, coded without personal health information, and transmitted to the data coordinating center electronically. Site-specific quality assurance included initial EMS provider training in data collection and continuing education of EMS providers. The data coordinating center assured the quality of the data by a variety of techniques (1) .
Outcome Measures. The primary outcome was survival to hospital discharge, defined as discharged alive from hospital after the index OOHCA. Patients who were transferred to another acute care facility (e.g., to undergo implantable cardioverter defibrillator placement) were considered to still be hospitalized. Patients were considered discharged if transferred to a nonacute ward or facility. The secondary outcomes were survival for 1 day and return of spontaneous circulation. Survival for 1 day meant that the patient was still alive 1 day past the date of the event. Return of spontaneous circulation refers to the presence of a palpable pulse for any duration of time before arrival at hospital. Data were abstracted from collated EMS and hospital source documents.
Statistical Analysis. All statistical analyses were performed with commercially available statistical packages (SAS, version 9.1.3, Cary, NC; R, version 2.5.1, Vienna, Austria). Summary results are presented as mean (6 SD) or median (interquartile range). To test differences in baseline characteristics between subjects who did and did not survive to discharge, likelihood ratio chi-squared tests or t tests were used as appropriate. Analysis of variance was used to compare mean compression depths across study sites. The distribution of depth categories across sites was compared with likelihood ratio chisquared test as was the test for an association between depth and rate categories. The association between compression depth and outcomes of interest was quantified using multivariate logistic regression. Smoothing splines were used to explore the relationship between average compression depth and outcome (14) .
RESULTS
During the study period from May 2006 to June 2009, EMS agencies in the 10 participating ROC sites treated 25,106 cases of cardiac arrest who were not enrolled in a ROC clinical trial. Of these patients, all but 1,029 were excluded from the current analysis for the reasons indicated in Figure 1 . Three ROC sites could not measure compression depth and contributed no cases to the study. The 1,029 patients in the final study cohort were very similar in characteristics and outcomes to those excluded except they had quicker response time intervals and were more likely to be treated by an advanced life support EMS crew. The patients in the study were typical of OOHCA cases with only 13% from a public location, 40% bystander witnessed, 37% bystander CPR, and 99% having an advanced life support EMS crew in attendance ( Table 1 ). The median values for CPR process measures were 106 (interquartile range, 96-117) for compression rate and 0.65 (interquartile range, 0.56-0.75) for chest compression fraction. Of all patients, 25.7% had return of spontaneous circulation, 18.2% survived 1 day, and 4.9% survived to hospital discharge. Table 2 displays compression depth data with all measures showing significant variation across the seven participating sites. The median chest compression depth was 37.3 mm (interquartile range, 32-43) with 52.8% of cases having a mean value <38 mm. In addition, we calculated that 59.3% of cases were not within the 2005 recommended range for depth and, on average, 52.7% of all CPR minutes within a case had a mean depth <38 mm.
In Table 3 we see that compression rate and depth are inversely related (p < .001) such that for the 20% of cases with a mean compression rate >120 per minute, the majority (70%) had inadequate compression depth.
A smoothed spline plot of compression depth vs. the three outcome measures (Fig. 2) shows much poorer outcomes for patients with the lowest mean compression values and a gradual increase in the probability of good outcome as average depth increases.
We compared the univariate characteristics of the 50 patients who survived to discharge with those who did not (Table 4 ) and found better outcomes if the compression depth was >38 mm (p = .05). We conducted multivariate analyses (Table 5 ) to evaluate the impact of compression depth and other covariates on the three survival measures. Not unexpectedly, the factors most strongly associated with good outcomes were arrest in a public location and bystander witnessed cases. All depth measures (mean values, categories, and within recommended range) showed strong trends toward better outcomes for all three survival measures. The adjusted odds ratios with 95% confidence intervals for each 5-mm increment in compression depth and the outcomes were: return of spontaneous circulation 1.05 (0.98-1.14), 1-day survival 1.08 (0.99-1.18), and survival to discharge 1.09 (0.94-1.27). a Average depth at least 38 mm for more than 60% of minutes with cardiopulmonary resuscitation process measures available. The respective odds ratios for cases with depth 38-51 mm were return of spontaneous circulation 1. 
DISCUSSION
Interpretation of Findings. We believe this is the first large clinical study to comprehensively evaluate the performance of EMS providers with regard to compression depth in patients with OOHCA. We found that responders from 58 EMS agencies at seven major clinical sites were very often not within the recommended range for compression depth guidelines. More than half of patients received less than the 2005 recommended chest compression depth of 38-51 mm and >90% received less than the 2010 recommended depth of >50 mm. We also found a significantly deleterious effect on compression depth when the mean compression rate was faster than recommended. We found an association between adequate compression depth and Adjusted for age, sex, public location, bystander witnessed arrest, bystander CPR, CPR fraction, chest compression rate, site, and time from 911 call to emergency medical services at scene. Adjusted for age, sex, public location, bystander witnessed arrest, bystander cardiopulmonary resuscitation, cardiopulmonary resuscitation fraction, chest compression rate, site, and time from 911 call to emergency medical services at scene; b average depth at least 38 mm for at least 60% of minutes with cardiopulmonary resuscitation process measures available. Fifty-five subjects missing the time from 911 call to emergency medical services on scene were excluded from these analyses. The odds ratios for each of the depth measures was estimated from a separate multivariable logistic regression model. The estimates and confidence intervals for the other covariates come from the model that includes depth as a linear variable.
good outcomes but could not demonstrate that the 2010 recommendations are better than those from 2005. Although we believe that compression depth is an important component of CPR and should be measured routinely during cardiac arrest resuscitation, we believe that the optimal depth is currently unknown.
Previous Studies. Current CPR guidelines for compression depth have been, for the most part, derived with relatively little robust human data to support them (3, 12) . Animal studies have suggested better outcomes with increased compression depth (20) (21) (22) . Clinical studies of compression depth have been small with insufficient power to evaluate clinically important outcomes and have tended to focus on patients with ventricular fibrillation only (7, (13) (14) (15) . A study by Wik (7) described CPR performance measures in 176 patients in Europe and found that 33% of patients had compression depths less than the guidelines. A study by Abella (13) found compression depth to be too shallow in 37% of 67 inhospital cardiac arrest cases but could not show an association between depth and outcome. Edelson (14) and Babbs (23) separately studied patients who received defibrillation and found an association between greater compression depth and shock success. A study by Kramer-Johansen (15) evaluated 284 patients and found better hospital admission rates with increased compression depth. The 2010 CPR guidelines have very significantly increased the recommended minimum compression depth from 38 mm to 50 mm based on extrapolation from limited human data (12) . Our results support compression depth >38 mm but not necessarily depth >50 mm.
Limitations and Strengths. The study population represents a convenience sample of cases from sites in which compression depth could be measured and in which electronic recordings were available and during a period when the 2005 guideline standards were in use. Nevertheless, we could detect no selection bias in our cases. Our records could not capture CPR data before the placement of accelerometer pads, a time period likely to have been approximately 30 secs. In addition, we did not collect data or adjust for body size, firmness of the surface under the patient, leaning, or duty cycle, possible confounders to the interpretation of compression depth data. We did, however, adjust for sex, which may be considered a crude proxy for weight. A small proportion of cases had real-time CPR feedback that may have improved compression depth (24) . Finally, we only evaluated CPR measurements in adults. The major strengths of the study include a relatively large sample of patients from seven geographically disparate locations in the United States and Canada and the use of devices from two different manufacturers.
We believe our survival rate of 4.9% is lower than in previous ROC Epistry studies because we excluded cases witnessed by EMS or that received bystander automated external defibrillator shocks. In addition, several sites with historically better survival rates were not included because of an inability to measure compression depth.
Some may be surprised that we did not find chest compression fraction to be positively associated with survival as was shown in another ROC Epistry study (11) . Our study, however, differed by including all rhythms, by including cases from different sites, and by having a higher proportion (65%) of cases with moderate to high chest compression fraction (i.e., >60%).
Clinical Implications. This study has a number of important implications for those performing CPR. Our data suggest that clinical outcomes are directly related to increased compression depth and EMS providers must strive to ensure that they provide adequate depth and perhaps as much depth as possible. This goal can be furthered by emphasis on proper depth during training by use of real-time feedback during resuscitation and postresuscitation review of quality assurance data. Interestingly, although our data support compression depth >38 mm, it does not necessarily support the new 2010 guidelines that recommend >50 mm of depth. We have also demonstrated that depth suffers when compression rate is too fast, another parameter that rescuers must be aware of. Of note, the 2010 guidelines also do not specify an upper limit for rate. The optimal combination of rate and depth is unknown but at this time; we believe that rescuers should be cautious not to exceed a compression rate of 120 to deliver sufficient compression depth. We expect the international guidelines will require further revisions as more data are acquired.
Research Implications. Even larger studies are required to evaluate the optimal compression depth for adults and to better understand the interplay with compression rate, ventilations, compression fraction, duty cycle, recoil, body size, and surface firmness. Such studies are particularly urgent in view of the new guidelines that recommend a substantial increase in recommended compression depth. In addition, more data for children are required to understand the best CPR process parameters to optimize survival.
CONCLUSIONS
This is the first clinical study to comprehensively evaluate the performance compression depth by EMS in a large sample of patients during OOHCA. We found suboptimal compression depth in half of patients by the existing 2005 guideline standards and almost all by the subsequent 2010 standards as well as an inverse association between compression depth and rate. We found a strong association between survival outcomes and increased compression depth but no clear evidence to support or refute the 2010 recommendations of >50 mm. Although compression depth is an important component of CPR and should be measured routinely, the most effective depth is currently unknown.
